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Abstract We address the importance of the iso-
electric point (IEP) of proteins and membrane
components such as phospholipids for our under-
standing and interpretation of isoforms and opposite
charge interactions in the formation of complexes.
Five examples drawn from the literature are newly
approached from the IEP point of view to clarify
general principles.
Keywords Isoelectric point  Isoforms 
Protein–protein  Protein–phospholipid complexes
Introduction
The isoelectric point (IEP) of a protein is generally
considered to be a mere physicochemical property
that results from the summed ambivalent charge
properties of its amino acid constituents. In fact, the
IEP values of proteins are often not even recorded in
data books, despite the primary structure of the
protein being fully known. We show here that the IEP
is a powerful tool to predict and understand interac-
tions between proteins, proteins and membranes
(phospholipids) or to determine the presence of
protein isoforms.
In this paper we will address five topics/examples
from our published research:
1. multi-isoelectric appearance of a glycoproteina-
ceous hormone, stanniocalcin;
2. charge interaction in the activation of the
melanocortin-1 receptor (MC-R1) by its hormone
a-melanophore-stimulating hormone (MSH);
3. evidence for post-translationally modified iso-
forms of the phospholemman in rectal glands of a
shark, the spiny dogfish;
4. evaluation of the interaction between energy-
coupling factor B and the proton channel in the
mitochondrial ATP synthase complex;
5. complexation of extranuclear histones to nega-
tive phospholipids in the plasma membrane
following cell injury of fish gills.
Procedures
Calculation of the IEP
The charge of a protein is a resultant of residues
that at a given pH become charged when they lose




½R ¼ KDa[RH]½Hþ (setting [H
+] = x yields
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½R ¼ KDa[RH]x ), and by residues that become
uncharged when they lose a proton: (2) R0Hþ $




  ¼ R
0½ x
R0Hþ
  ! R0Hþ½ ¼ R
0½ x
KDb
. Further: [RH] + [R] = c (concentration of a single
residue) and [R0H+] + [R0] = c. Hence,




¼ KDa.c  KDa½R ! ðx þ KDa)½R
¼ KDa:c ! ½R ¼ KDa.c
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total charge is the algebraic sum of all charged













This equation is identical to the formulation given









1þ10pKNipH ¼ 0 with pKPi being
equivalent to 10log KDbj and pKNi equivalent to
10logKDai. We use Eq. 3 and determine the IEP
graphically from the intersection with the axis of
zero charge difference in the Dcharge versus pH
chart. The EMBL website gateway to IEP service
(http://www.embl-heidelberg.de/cgi/pi-wrapper.pl)
gives similar results with a maximal deviation of
only a few percentage. On the other hand, the
programme WINPEP (http://www.ipw.agrl.ethz.ch/
*lhennig/winpep.html) gives totally different –
often too low – figures, and has been avoided here for
the calculation of the IEP. However, this programme
is reliable for the calculation of the hydropathy plot
according to the procedure of Kyte and Doolittle
(1982), which was applied to determine the mem-
brane-traversing moieties of the proteins discussed.
KDa and KDb values were derived in general from
the Handbook of Chemistry and Physics (Lide 1998):
2 · 102–4.17 · 103 for KDa of the a-COOH group
(histidine–tryptophan), 1.94 · 104 for the b-car-
boxyl of aspartic acid, 7.08 · 105 for the
c-carboxyl of glutamic acid, 7.24 · 109 for the
sulfhydryl of cysteine, 7.94 · 1011 for the tyrosyl
OH-group, 2 · 106 for the phosphoryl group of
phosphoserine or phosphothreonine, 1.1 · 109–
3.4 · 1011 for the a-NH3+ (threonine-proline),
7.94 · 1013 for the guanidyl group of arginine,
9.12 · 107 for the imidazole group of histidine
and 2.13 · 1011 for the e-NH3+ of lysine. The
KD-values for the functional groups of phosphatidyl-




105 (–COOH), and 1.58 · 1010 (–NH3+) were taken
from van Dijck et al. (1978). In the calculation of the
IEP of phospatidylserine the term 1
1þKDb/x reduces to
1 because of the negligibility of the term KDb/x. This
leads to IEP ¼ pKa1þpKa2
2
for this particular case.
Results and discussion
Variability in IEP of trout stanniocalcin
Stanniocalcin is an anti-hypercalcemic glycoprotei-
naceous hormone (first detected in fish, but since
found to be present in all vertebrates) that controls
Ca2+ influx via the gills of fish (Flik 1990) and
intestine (Sundell et al. 1992); in mammals, it
promotes inorganic phosphate (Pi) reabsorption by
renal proximal tubules (Lu et al. 1994).
During in vitro synthesis of the hormone stanni-
ocalcin by rainbow trout corpuscles of Stannius, three
products of equimolar mass (28 kDa for the mature
hormone and 32 kDa for the prohormone monomers)
were observed in a two-dimensional electrophoretic
protein pattern. Stanniocalcin is homodimeric but
yields monomers under the reducing conditions of the
Laemmli (1970) gel electrophoresis system that have
IEPs of 7, 6.1–6.3, and 5–5.2, respectively (Flik et al.
1990). Since the molecular masses of the products are
for all practical purposes the same, the variation in
IEP may be due to a variation in the deamidation of
2 Fish Physiol Biochem (2008) 34:1–8
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Asn-residues (N) or a variation in the acetylation of
Lys-residues (K), a possibility not demonstrated to
date. We have chosen for the former possibility in
view of the fact that glycosylation of the 28-kDa
product has been shown to diminish with a decreasing
IEP. Figure 1 shows that the IEP of rainbow trout
stanniocalcin is negatively correlated with the num-
ber of deamidations of the N-residues, with the IEP of
6.1–6.3 corresponding to two deamidations and the
IEP of 5–5.2 corresponding with six to eight deam-
idations. Acetylation of the K-residues would lead to
similar results (not shown).
The biochemical consequence of this decreased
IEP is not yet clear, but it may be a signal for
metabolic clearance of the hormone that should have
a short half-life to fine-tune the Ca2+ influx under
variable and varying conditions. To acquire further
insight, one should know the IEP of the hormone
receptor as it is conceivable that when the IEP of
receptor and activator approach each other, their
mutual attraction will be minimised. An example of
this principle will be given in the third case study
presented in a following section (repulsion of phos-
phorylated phospholemman by the near-isoelectric
Na,K-ATPase) below. This concept should be taken
into consideration in future evaluations of the
function of the stanniocalcin receptor, which awaits
molecular demonstration. Only circumstantial evi-
dence is currently available that stanniocalcin signals
through a G-protein-coupled plasma membrane
receptor (Flik 1990).
Hormone–receptor interactions between a-MSH
and MC-R1
Another pertinent example of charge interaction
between functionally active proteins is the binding
of a-MSH to the MC-R1, which occurs through the
stepwise activation of adenylate cyclase, protein
kinase A and tyrosinase to the final formation of
the skin pigment melanin (Rozaud and Hearing 2005)
and its rapid dispersion in the cell in background
adaptation. A revealing recent finding is that the
functional difference in teleost skin pigmentation
(dorsal dark, ventral light) is due to a ventral
localization of the melanocortin antagonist ASP
(Agouti-Signaling Protein) (Cerda´-Reverter et al.
2005). This has lead to the interesting question of
whether the IEPs of agonist (a-MSH), antagonist
(ASP) and receptor (MC-R1) have a predictive value
for their interaction.
a-MSH is the C-terminally amidated O-acetylated
peptide AcSYSMEHFRWGKPV-NH2 with a calcu-
lated IEP of 10.4. ASP (from the cyprinid Carassius
auratus) comprises 125 residues (Cerda´-Reverter
et al. 2005) but does not show any sequence similar-
ity to the agonist a-MSH. The hydropathy plot of
ASP reveals an N-terminus (M1-V20) that should be
able to penetrate the membrane and provide ASP
with the capability for a more stable binding with the
receptor than can be achieved by a-MSH. The
calculated IEP of ASP is 8.71, 1.7 units lower than
that of a-MSH, but still quite alkaline. The receptor
MC-R1 from Danio rerio (another cyprinid) contains
seven transmembrane helices and four extracellular
segments (M1-Q47, N96-N123, Y187-D190, H262-
H281) with calculated IEPs of 6.3, 4.3, 4.9 and 10.0,
respectively (Fig. 2a). One would predict that the
positively charged hormone binds to one or more of
the extracellular segments with an acidic IEP (seg-
ment 1, 2 or 3). In human MC-R1, the first 28
residues can be deleted without any effect on
hormone binding (Schio¨th et al. 1997), providing
strong evidence that the first extracellular segment
Fig. 1 The calculated isoelectric point (IEP) of the rainbow
trout hormone stanniocalcin as a function of deamidation of N-
residues. The primary structure of the mature rainbow trout
stanniocalcin polypeptide is derived from the SwissProt data
bank under accession no. P43648
Fish Physiol Biochem (2008) 34:1–8 3
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is an unlikely candidate for hormone–receptor inter-
action. In support of this, the first extracellular
segment of the human receptor has a calculated IEP
of 11.8 (Fig. 2b) and will therefore repel the
positively charged hormone, while it may have
directing properties. The other extracellular segments
have calculated IEP values that are commensurate to
the counterparts in Danio rerio: 3.7 vs. 4.3 for the
second segment; 4.9 vs. 4.9 for the third segment, and
8.5 vs. 10.0 for the fourth segment.
Not surprisingly, the second segment is the most
promising candidate for hormone receptor interac-
tion, and this has been confirmed by mutational
studies (Fra¨ndberg et al. 1994) in which D117 (D122
in Danio rerio) was transformed to the A residue.
This D residue normally complexes with H6 in
a-MSH (Prusis et al. 1995). A 50% lesser reduction
in the efficacy of the hormone was obtained by the
mutation of H260 (H262 in Danio rerio) to the A
residue, which is situated at the border of the fourth
extracellular segment and therefore sufficiently
remote from the more basic K278 residue that could
have caused overall repulsion of the equally basic
hormone. H260 would normally form a complex with
E5 of a-MSH, implying that the fourth extracellular
segment must fold back in order to reach the E5
residue that is next to the H6 residue of the hormone.
The latter consideration makes clear that not only the
IEP of a whole segment is predictive for charge
interaction but that certain spatial effects are also in
control. Therefore, it is possible that the initial (and
crucial) interaction in the second segment brings the
hormone in a position for interaction with the fourth
segment, rather than the reverse. This could explain
why the mutation of H260 ? A leads to a 50%
decrease in activation compared to the mutation of
D117? A (Fra¨ndberg et al. 1994).
In ASP at least 1 H (position 23) and 2 E residues
(E27, E28) are present in the first ten residues
following the N-terminal transmembrane fragment.
These may have the binding function, analogous with
the function of E5 and H6 in a-MSH, and thus act as
competitive inhibitor (Cerda´-Reverter et al. 2005).
Shark rectal gland phospholemman isoforms
Mahmmoud et al. (2000) reported a dual spot of
phospholemman (15 kDa) in a two-dimensional gel
electrophoretic separation of spiny dogfish rectal
gland Na,K-ATPase. Phospholemman may be identi-
cal with the cAMP-dependent protein kinase (PKA)-
dependent high conductance Cl channel in the apical
membrane of this shark (Greger et al. 1985) and is
dissociated from its binding to Na,K-ATPase by
phosphokinase treatment (Mahmmoud et al. 2000).
We determined two IEPs – 7.9 and 8.35 – from a non-
linear calibration curve of distance to the origin versus
pI of their results (compare Fig. 1 of Mahmmoud
et al. 2000). In a subsequent paper, Mahmmoud et al.
(2003) presented the full amino acid sequence for the
phospholemman, from which we calculate an IEP of
7.84, which is not significantly different from the
reported IEP of 7.9 registered for one of the two spots
in the earlier study (Mahmmoud et al. 2000). In that
article, however, a N-terminal sequence was recorded
that differed among the fourth (E?A), 19th (L?K)
Fig. 2 Difference in charge (DE; Eq. 3 of Procedures)
between acidic and basic amino acids as a function of pH in
the extracellular segments of the melanocortin-1 receptor (MC-
R1) from Danio rerio (a) and human (b). Segments are
indicated on the graphs and their IEP values in the margin to
the right
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and 24th (L?K) residues, indicating an isoform of the
Cl-channel (Mahmmoud et al. 2003). Assuming that
the sequence beyond this stretch of residues had
remained unaltered in terms of acidic and basic
residues, we calculate an IEP of 9.05. If, however, as
the authors also suggest, K19 and K24 were errone-
ous, we calculate an IEP for the isoform of 8.28,
which is near the second IEP of 8.35. The K and L
residues are easily misdetermined due to their partial
overlap in the chromatographical separation of thi-
ohydantoin derivatives. Peak retention time ranges
(25 runs) are 17.52–17.91 min for K and 17.89–
18.25 min for L. Similar isoforms with an E or D
residue at the N-terminus are found in other sharks of
the Triakidae and Lamnidae families (Schuurmans
Stekhoven et al. 2001). The A and E isoforms of S.
acanthias according to our own data are in a molar
ratio of 2:1. Phospholemman may not only differ in
the N-terminus, but also in its C-terminus, as was
recently demonstrated for a cytoskeleton-bound form
of this protein (Kelly et al. 2004).
The reported dissociation of phospholemman from
Na,K-ATPase following phosphokinase treatment
(Mahmmoud et al. 2000) can be explained by a
downward shift in IEP from 7.84 for the non-
phosphorylated E4 isoform to 6.2 for its twice
phosphorylated form. The latter represents the max-
imum of phosphorylation known for the mammalian
protein (Walaas et al. 1994). This IEP approaches
those found for different isozymes of Na,K-ATPase,
such as the a-1 subunit (5.3; Google: AFCS protein
A002647 – Signalling), the a-2 subunit (5.5; Yamag-
uchi and Post 1983) and a-3 subunit (5.0–5.3;
UniProt: Q90WE7; SWALL: Q9DGL4), which leads
to repulsion and dissociation of the complex (Mahm-
moud et al. 2000). On the other hand, complexation of
the C-terminal moiety of phospholemman to nega-
tively charged phospholipids in the plasma membrane
(Clayton et al. 2005) remains warranted (Lansbery
et al. 2006) despite the phosphorylation. This mode of
regulation through phosphorylation-dependent IEP
changes has received only little attention to date.
Factor B’s involvement in proton transport by the
ATP-synthase complex
Since its discovery in 1967 (Lam et al. 1967) energy
transfer factor B (FB) has been assigned a role in
proton transport through the mitochondrial membrane
in conjunction with the DCCD-binding protein, also
known as subunit c (Sanadi et al. 1984). It has only
been fairly recently that the full amino acid sequence
of human factor B has been elucidated as a 20.3-kDa
protein (Belogrudov and Hatefi 2002). These data
allowed us to calculate an IEP of 6.7, which is
slightly below the pH of the cytoplasm (6.7–7.4;
Schuurmans Stekhoven 1968); the charge of the
protein is therefore neutral to slightly negative.
Purification of FB by means of carboxymethyl
(CM)-cellulose (Lam et al. 1967) would predict a
positive charge at pH 7.5, but FB at this stage is still
complexed to another protein of higher molecular
weight and possibly higher IEP.
Full-size sequencing of the DCCD-binding protein
is filed in the SwissProt database under accession
#P32876 (isoform 1: 14.2 kDa) and accession
#P07926 (isoform 2: 15.0 kDa). The IEP values for
their intracellular segments are the same: 11.4.
Consequently, each is capable of attracting the FB
to form a complex. Yet, upon isolation of ATP-
synthase, FB turns out to be absent (Walker et al.
1991; Ko et al. 2003). Given the sensitivity of FB
activity to sulfhydryl (SH)-reagents (Lam 1968), it is
conceivable that complex formation of FB with the
DCCD binding protein occurs by means of a disulfide
bridge rather than by electrostatic force. Since the
oligomycin-sensitive ATPase complex (OS-ATPase)
is usually isolated in the presence of SH-reagents
(mercaptoethanol, Walker et al. 1991; dithiothreitol,
Ko et al. 2003), it is equally conceivable that FB is
being released in the procedure. In addition, the
detergents used in these earlier studies may have
caused dissociation as has been found, for example,
in dissociating phospholemman from NaK-ATPase
(Mahmmoud et al. 2000). The DCCD-binding pro-
tein contains only two C-residues (C17 and C125 in
isoform 1; C3 and C132 in isoform 2) of which C125
and C132 are present in the second transmembrane
segment of the protein channel (Fig. 3). Formation of
the disulfide linkage can thus take place at C17
(isoform 1) or C3 (isoform 2). In contrast, FB does
not traverse the membrane; however, it does contain
six C-residues (C33, C71, C92, C94, C101 and C123)
that could be involved in disulfide linkage while still
leaving enough C residues free for another disulfide
bridge that might function as a means of intermediary
H+ transport:
Fish Physiol Biochem (2008) 34:1–8 5
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--S--S-- þ 2e þ 2Hþ $ 2  SH  2e
1: 2:
$ --S--S-- þ 2Hþ:
3:
Step 1 would be the delivery of two electrons by
the respiratory chain before a site of phosphorylation
and step 2 would consist of the removal of two
electrons immediately behind this site of phosphor-
ylation. The final step of H+ transport from the intra-
mitochondrial space to the outside compartment and
vice versa may take place via E119 (isoform 1) or
E126 (isoform 2) of the DCCD-binding protein. It
should be noted that the involvement of disulfide
bridges in energy-linked H+ transport has been
suggested earlier by studies on triphenyltin inhibition
of CF0-catalysed transmembrane H+ transfer in
chloroplasts (Gould 1978). The construction of the
proton gradient takes time, and this can be reduced by
addition of the SH-reagent dithiothreitol (Schuur-
mans Stekhoven et al. 1970).
Although the interaction between FB and the DCCD
binding protein is probably not of an electrostatic
character, but rather of a reversibly covalent (disulfide
bridging) one, the IEP considerations have also been
decisive in coming to this conclusion in this example.
The phenomenon of extranuclear histones
In a recent search for the Cl channel phospholem-
man in the microsomal fraction of teleost gills, we
found no phospholemman but instead histone and
histone fragments in the molecular-weight region on
the gel (13–15 kDa) that usually is occupied by
phospholemman (Schuurmans Stekhoven et al.
2004). This occurrence outside of the nucleus is
designated extranuclear but is generally not found in
the 100,000-g sediment, but rather the 100,000-g
supernatant, bound to carriers like transportin, im-
portin 5 and importin 9 (Mu¨hlha¨usser et al. 2001).
These carriers exert a strong electrostatic attraction to
histones; for example, transportin-SR displays an IEP
of 5.29 (Kataoka et al. 1999), which is far removed
from that of histone H2A (Conner et al. 1984), which
has a calculated IEP of 11.3, or that of H2B
(Winkfein et al. 1985), with a calculated IEP of
10.95. The same holds for the other carriers men-
tioned: importin 5 (SwissProt accession #Q8BKCS)
and importin 9 (SwissProt accession #Q96P70), with
calculated IEPs of 4.50 and 4.42, respectively. Only
when the cytoplasmic protection of histones by their
carriers is removed by activation of autolysis upon
skin or gill injury (Cho et al. 2002a, b) or when
nuclear import is inhibited (e.g. by lectins, Watson
et al. 1995) are histones liberated into the cytoplasm
where they will adhere to the cell membrane. One of
the components of the cell membrane that is oriented
in viable cells to the cytoplasmic face of this
membrane (Verkleij et al. 1973) is phosphatidylser-
ine. Its IEP value of 3.75–3.95 is sufficiently low to
warrant binding of the positively charged histones, as
was the case in our studies.
Conclusion
Our aim has been to provide support, using the
examples discussed herein, to the concept that
Fig. 3 Hydropathy plot of the DCCD-binding protein (isoform
1, SwissProt accession #P32876), demonstrating the intra-
membranal segment (M1–K68) with its C17 residue, the
first transmembrane (F69–A98) segment, the R99–Q106
extramembranal segment and the second (L107–M136) trans-
membrane segment. The latter contains the proton-transporting
E119 residue and the second C residue of the proton channel
6 Fish Physiol Biochem (2008) 34:1–8
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calculation and consideration of the IEP in protein
chemical determination studies can lend weight to
our understanding of a variety of phenomena. We
have presented evidence demonstrating that the
presence of isoforms with a different IEP can be
deduced from a variation in the balance between
acidic and basic amino acid residues within the
polypeptide chain (phospholemman isoforms,
example 3) or be due to chemical modification
(deamidation) of the conserved residues (stanniocal-
cin isoforms, example 1). Other examples, such as the
hormone–receptor interaction, reversible covalent
binding and complexation of extremely opposing
charges, have also been reported, which, in our
opinion, provide sufficient support for the relevance
of considering the IEP of the interacting proteins and
their segments.
However, we cannot say that the subject of the IEP
in relation to charge interactions is neglected in most
publications. An example to the contrary is the
elucidating explanation of the mechanism of interac-
tion between cytochrome c reductase and cytochrome
c oxidase with the intermediary cytochrome c (Stryer
1995). Another example is the release of phospho-
lemman from the endoplasmic reticulum to the
plasma membrane upon charge neutralization at the
C-terminus by protein kinase C (PKC)-linked phos-
phorylation (Lansbery et al. 2006). Undoubtedly,
other examples can also be found.
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